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We describe the synthesis of bimetallic dendritic platinum decorated gold nanorods (AuNRs) by the spatial 
control of Pt growth over gold nanorods using a heterogeneous seed-mediated growth method. The 
amounts of the Au seed and Pt-precursor were changed to achieve a tunable volume fraction of Pt 
coverage on the Au NRs surface. Pt nanostructures were spatially separated from each other, which was 
highly favorable for promising optical and catalytic properties. The dendritic-Pt decorated AUNRs with 
variable Au/Pt ratios were exploited to study their surface plasmonic properties and catalytic activities. 
Interestingly, the Pt decorated AUNRs showed strong surface plasmon resonance (SPR) peak due to 
noncompact dendritic Pt shell in contrast to the conventional core-shell Au@Pt nanoparticles (NPs). 
Moreover, the longitudinal peak of the AUNRs was finely tuned from 820 to 950 nm (NIR region) by 
controlling the volume fraction of the Pt decoration over the AuNRs. The catalytic activity of the 
dendritic-Pt decorated AUNRs on the reduction of 4-nitrophenol (4-NP) by sodium borohydride (NaBH,) 
as reducing agent was studied and found to be superior to the activities compared to the monometallic 


Au NRs. 


Considering practical applications, dendritic-Pt decorated AuNRs nanostructures were 


immobilized successfully on the hydrophilic polyvinylidene difluoride (PVDF) film as an efficient reusable 


catalyst. 


Introduction 


Emerging research has focused on noble metal-based nano- 
structures to be applied as high-performance catalysts in fields 
ranging from chemical synthesis and energy conversion to 
environmental issues. It has been established that bimetallic 
nanocatalysts often display enhanced physical and chemical 
properties compared to their monometallic counterparts, as 
they provide more opportunities to optimize their activity by 
adjusting the charge transfer between the different metals, local 
coordination environment, and surface elemental distribu- 
tion.™™ Among the different metal compositions, Au- and 
Pd-containing bimetallic systems have been extensively 
studied.*”” In particular, Pt based catalysts have proven to be 
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most efficient catalyst in various reactions.°’*** Therefore, 
considering very high cost of Pt, the fabrication of Pt-based 
catalysts with high performance and as economically as 
possible is very urgent. 

To this end, various Pt-based nanostructures have been 
synthesized and bimetallic nanostructures were found to be 
very active compared to only Pt nanoparticles (NPs) as a cata- 
lyst.**" Combining another metal (e.g., Ag, Pd,” Au," Fe,” 
and Cu”) with Pt not only obtains the benefit of improved 
bimetallic properties to enhance the catalytic performance, but 
also reduce the level of the Pt loading to make the materials 
cheaper. In this direction, we aimed to combine the fascinating 
properties of Au nanorods (AuNRs),**?’ such as its unique 
optical properties, excellent chemical and thermal stability, 
with the high catalytic activity of tiny Pt NPs.?*** However, most 
reported Au-Pt bimetallic NPs were either alloyed* or core- 
shell structure,” and these alloyed or core-shell structure would 
dramatically inhibit plasmonic property of the Au-Pt bimetallic 
NPs.***” Herein, we report an effective route to obtain Pt NP 
decorated Au NRs by the spatial control of Pt growth over Au 
NRs. By controlling the amounts of the AuNRs and the Pt- 
precursor, tunable volume fractions of AUNRs were decorated 
by Pt nanostructures to exploit their structure and composition- 
dependent optical and catalytic properties. Interestingly, we 
observed strong surface plasmon resonance peak of the 


dendritic-Pt decorated AuNRs, which is in contrast to most 
previous reports wherein SPR of the Au core was damped due to 
Pt deposition.’***” Because the Pt NPs are spatially separated 
from each other, it is highly favourable for maximizing the Pt 
surface area to obtain high catalytic activities. We examined 
their catalytic activities towards 4-nitrophenol (4-NP) reduction 
and found superior activities compared to monometallic Au 
NRs. For practical applications, catalyst in thin film form is 
highly desirable due to their advanced benefits, e.g. easy 
handling and insertion/removal from the reaction medium 
etc.**°° In this study, the dendritic-Pt decorated AUNRs were 
deposited on the hydrophilic polyvinylidene difluoride (PVDF) 
film. The nanocomposite films showed excellent catalytic 
performances and reused for several cycles with much less 
significant deterioration of their original activity. 


Experimental 
Materials 


Hexadecyltrimethylammonium bromide (CTAB, >99.0%) was 
purchased from Sigma-Aldrich. Sodium citrate (C,H;Na30,- 
-2H,0, 99.0%), sodium borohydride (NaBHy, 99.0%), silver 
nitrate (AgNO3, >99.0%), ascorbic acid (AA, 99.7%), hydro- 
chloric acid (HCI, 37 wt% in water), sodium iodide (Nal, 99.0%) 
were purchased from Sinopharm Chemical (Shanghai, China). 
Sodium oleate (NaOL, >97.0%) was purchased from TCI. 
Hydrogen tetrachloroaurate trihydrate (HAuCI,:3H,0, 99.99%), 
platinum(n) chloride (PtCl,, 99.0%), 4-nitrophenol (4-NP), 
tris(hydroxymethyl)aminomethane (Tris), 3-hydroxytyramine 
hydrochloride (dopamine-HCl) was obtained from Aladdin 
Company in Shanghai. The other reagents and solvents were of 
analytical reagent grade and used as received from Sinopharm 
Chemical Reagent. 


Synthesis of gold NRs 


The gold nanorods was prepared by a previously reported 
method.” The seed solution was prepared by rapidly injecting 
0.6 mL of fresh 0.01 M NaBH, into the mixture of 5 mL of 0.5 
mM HAuCl, and 5 mL of 0.2 M CTAB solution in a 20 mL 
scintillation vial under vigorous stirring (1200 rpm). Stirring 
was stopped after 2 min and the seed solution was aged at room 
temperature for 30 min before use. To prepare the growth 
solution, 3.5 g of CTAB and 0.617 g of NaOL were dissolved in 
125 mL of warm water. 9 mL of 4 mM AgNO; solution and 125 
mL of 1 mM HAuCl, solution were added when the solution was 
cooled to 30 °C. After 90 min of stirring (700 rpm), 0.75 mL of 
HCI (37 wt% in water, 12.1 M) was introduced to adjust the pH. 
After another 15 min of slow stirring at 400 rpm, 0.625 mL of 
0.064 M ascorbic acid (AA) was added and the solution was 
stirred vigorously for 30 s. Finally, 0.2 mL seed solution was 
injected into the growth solution. The resulting mixture was 
stirred for 30 s and left undisturbed at 30 °C for 12 hours for 
NRs growth. The resulting nanocrystals were washed twice by 
centrifugation prior to characterization and re-dispersed in 
water for further use. 


Synthesis of dendritic-Pt decorated AUNRs 


Pt decorated AUNRs were prepared by a seed-mediated method, 
which was slightly different from the previous method“ by 
changing the amount of seed solution and the reducing agent. 
In the presence of iodide ions (50 uM), 10 mL of 0.05 M CTAB, 5 
mL of re-dispersed Au nanorods, 500 uL of 0.2 mM AgNO3, and 
500 uL of 0.1 M ascorbic acid were added to a vial. The mixture 
was maintained at 70 °C. After 1 hour, 480 uL of 0.1 M HCl and, 
110 uL of 2 mM aqueous H,PtCl, solution were added to the 
mixture, which was then maintained at 70 °C for 4 h. After this 
reaction, the sample was centrifuged at 7000 rpm and re- 
dispersed in deionized water. For the other different volume 
fractions dendritic platinum coated AuNRs, the aqueous 
H,PtCl, solution added were 55, 220 and 440 uL. 


Catalytic reduction of nitrophenol (4-NP) 


The catalytic reduction of 4-NP was monitored on a TU-1810 UV- 
vis spectrophotometer in the range of 200-600 nm at room 
temperature. An aqueous solution of 20 uL of 10 mM 4-NP 
solution and 2.5 mL water were added to 0.1 mL of 0.1 M freshly 
prepared NaBH, solution. Subsequently, 0.5 mL of nanoparticle 
solution was added and mixed thoroughly. Each catalytic 
experiment was performed at least 3 times to ensure repro- 
ducibility. To prepare the dendritic-Pt decorated AUNRs loaded 
reusable composite film, 20 mL of dendritic-Pt decorated 
AUNRs synthesized with 440 uL aqueous H,PtCl, solution was 
added to 20 mL aqueous solution, which contained 2 mg mL * 
dopamine and 10 mM Tris buffer solution. The PVDF film was 
then immersed in the solution for 4 days at room temperature. 
The PVDF membrane was prepared using the previously re- 
ported method.” The dendritic-Pt decorated AuNRs loaded 
PVDF film was washed three times with running water and 
dried in air. For the cyclic catalytic performance of the 
dendritic-Pt decorated AuNRs loaded PVDF film, the film was 
cut into a 1 cm x 4 cm piece then immersed into an aqueous 
solution of 20 uL of 10 mM 4-NP solution, 2.5 mL of water and 
0.1 mL of 0.1 M freshly prepared NaBH, solution for 2 hour. The 
film was washed three times with running water and dried in air 
for the next catalytic performance test. The experiment was 
repeated 7 times. 


Characterization 


Ultraviolet-visible (UV-vis) absorption spectra were obtained 
with TU-1810 spectrophotometer from Beijing Purkinje General 
Instrument Co. Ltd. in transmission mode. Transmission elec- 
tron microscopy (TEM) was performed on a JEOL JEM-2100F 
instrument and operated at 200 kV. Scanning electronic 
microscopy (SEM) was carried out using a JEOL JMS-6700F 
scanning microscope. 


Results and discussion 


A heterogeneous seed-mediated growth route was introduced to 
produce the bimetallic dendritic-Pt decorated AUNRs, as illus- 
trated schematically in Fig. 1a. The nanostructures were char- 
acterized by UV-visible spectroscopy and TEM. Au NRs (aspect 
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Fig. 1 (a) Scheme of the synthesis of dendritic-Pt decorated AUNRs; 
(b) TEM images of dendritic-Pt decorated AUNRs. (c) and (d) Show the 
elemental mappings of one dendritic-Pt decorated AUNRs. The green 
and orange colours in the elemental maps stand for gold and platinum, 
respectively; TEM images (e-h) of nanostructures with varying volume 
fractions dendritic platinum obtained by adding different amounts of 
a 2 mM H>PtCle solution: (e) 55 uL, (f) 110 pL, (g) 220 uL and (h) 440 uL, 
respectively. 


Au NR 


ratio ~3; Fig. S1+) were first synthesized in an aqueous solution 
employing a binary mixture of surfactant, namely, CTAB and 
NaOL.*° Furthermore, the dendritic-Pt decorated AuNRs were 
prepared via the heterogeneous seed-mediated growth of Pt 
nanostructures over the Au NR seeds by reducing H,PtCl, with 
ascorbic acid under the assistance of CTAB, iodide ions and Ag* 
ions. As revealed by HR-TEM (Fig. 1b) and elemental mapping 
(Fig. 1c and d), the dendritic Pt shell is composed of many small 
Pt nanostructures with a size of ~4-5 nm. The Pt growth on the 
Au NRs was controlled spatially to achieve different volume 
fractions of Pt-nanostructure coverage over the Au NRs (ESI; 
Fig. S2+) by controlling the amounts of Pt-precursor, i.e. H2PtCl¢ 
in a fixed amount of Au NRs seed solution. First, Pt nano- 
structures were selectively deposited at the tips of Au NRs 
(Fig. 1e & S3at) in the presence of iodide ions and Ag", beacause 
the surface energy is higher and the co-ordination number is 
lower at the tips of the AuNRs.” A higher surface energy and 
lower coordination number generates more reactive sites at the 
tips, and Pt prefers to be deposited on the tips of the NRs.*! With 
increasing amounts of H,PtCl, (2 mM) solution from 55 uL to 
440 uL, as shown by the TEM images (Fig. 1e-h and S3), the 
tips of the Au NRs was first covered with tiny Pt NPs (Fig. 1e) 
followed by deposition on the side faces, finally forming 
dendritic discontinuous Pt-shell over the Au NRs (Fig. 1h). 
Much larger amounts of H,PtCl, solution (5 mL; 2 mM) 
produced core-shell AUNR@Pt nanostructures (ESI; Fig. S47). 
These dendritic-Pt decorated AUNRs were highly monodisperse, 
as revealed by their TEM (Fig. 1) and SEM (ESI; Fig. S5+) images. 
Owing to this unique dendritic structure, both Au and Pt 
surfaces remain highly accessible by the reactants, which will 
make the nanostructures efficient for catalytic applications. 
The optical properties of Au and dendritic-Pt decorated 
AUNRs were characterized by UV-vis absorption spectroscopy. 
Fig. 2 shows the UV-vis absorption spectra of the as-prepared Au 
NRs (a) and the dendritic-Pt decorated AuNRs (b-e). As can be 
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Fig. 2 UV-vis absorption spectra of (a) Au NR and (b-e) Au NR 
decorated with dendritic platinum synthesized with different amount 
of 2 MM HePtCle solution (55 uL in (b), 110 uL in (c), 220 uL in (d) and 
440 uL in (e), respectively). 


observed from Fig. 2, Au NRs display two characteristic 
absorption peaks at 515 and 820 nm, corresponding to a weak 
transverse surface plasmon (TSP) resonance and a strong 
longitudinal surface plasmon (LSP) resonance, respectively. 
Interestingly, we observed a gradual red-shift of the longitu- 
dinal peak with fine tuning from 820 nm to 950 nm by 
controlling the amounts of 2 mM H,PtCl, (55 pL to 440 uL), 
whereas the transverse resonance wavelength was shifted 
slightly or remained unchanged (ESI; Fig. S6+). The much 
higher shifting of the longitudinal peak results from the higher 
polarizability of the NRs at the longitudinal plasmon resonance 
than at the transverse plasmon resonance.** The red-shift can 
be correlated with the discontinuous dendritic growth of Pt 
shell similar to the case of the Au@Pd system.” In a previous 
report, Chen et al.** established that a discontinuous Pd shell on 
Au NR causes a red-shift, whereas continuous Pd shell showed 
a blue-shift of the SPR of the Au NR core. In a similar way, we 
could tune the longitudinal peak of dendritic-Pt decorated 
AuNRs from 820 nm to 950 nm (NIR region) by controlling 
the fraction of Pt coverage over the AuNR's surface. This 
tunable localized surface plasmon resonance wavelength 
towards the NIR region is very useful for biomedical 
applications as for the in situ spectroscopic 
characterization of some catalytic reactions. 

This interesting dendritic morphology of the nanostructures 
with varying Au/Pt composition ratio motivated us to explore 
the catalytic activity of the nanostructures. The reduction of 4- 
NP by NaBH, in an aqueous solution is a well-known and easily 
monitored reaction, and was chosen as a model reaction to test 
the catalytic activities of the developed materials.“ The reaction 
was monitored by collecting the UV-visible absorption spectrum 
of the mixture of 4-NP and NaBH, at different times. Initially, 
the solution showed absorption maxima at ~400 nm due to the 
formation of 4-nitrophenolate ions in alkaline solution, which 
is caused by the addition of NaBH, solutions. This absorption 
spectrum remained almost unaltered with time in the absence 
of a catalyst, which suggests that the reduction did not proceed. 
In the contrary, the presence of very small amounts of Au-Pt 
nanostructures causes the reduction of 4-NP very rapidly as 


as well 


observed in their time-dependent UV-visible absorption spectra 
(Fig. 3a). 

In addition to the successive decrease in the absorption peak 
at 400 nm, a new peak at 280 nm developed gradually due to the 
reduction of 4-NP to 4-aminophenol (4-AP). We performed the 
catalytic activities of all the different nanostructures and 
a representative study using dendritic-Pt decorated AuNRs 
(Fig. 1h; nanostructures synthesized using 440 uL of H,PtCl, 
solution) as a catalyst is presented in Fig. 3a. The rate constants 
were calculated by plotting In(C;,/Cy) (where Co and C; are the 
concentrations of 4-AP at time zero and t, respectively) as 
a function of time for all the structures and have been presented 
in Fig. 3b and Table S1.+ The activity was increased gradually 
with increasing Pt loading. However, fully covered AUNR@Pt 
core-shell nanostructures showed lower activity compared to 
dendritic-Pt decorated AuNRs obtained by adding 440 uL of 2 
mM H,PtCl, solution (ESI; Fig. S7+). The result is consistent 
with a previous report by Zheng et al.,*° wherein an improved 
catalytic activity was observed by Pd-tipped Au NRs compared to 
that of the core-shell AUNR@Pd nanostructures towards 4-NP 
reduction. The enhanced catalytic activities of the Pd-tipped 
AUNRs were attributed to hot electron transfer from Au to Pd. 
The interfacial interaction between two different metal 
segments is essential for the improved catalysis. In a similar 
way, our developed dendritic-Pt decorated AuNRs with the 
simultaneous exposure of Pt and Au surfaces result in improved 
catalytic activity over the core-shell nanostructure. 

It is widely accepted that the catalytic reduction of 4-NP by 
any metal NPs catalyst involved the adsorption of both BH} 
and 4-NP from aqueous solution on the surface of the NPs, and 
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Fig. 3 (a) Time-dependent UV-vis absorption spectra of 4-NP 
reduced by NaBH, and catalyzed by dendritic-Pt decorated AUNRs. (b) 
Plot of In(C;/Co) as a function of time of different catalyst ((a), no 
catalyst; (b), AUNR; (cf), dendritic-Pt decorated AUNRs synthesized 
with different amounts of 2 MM H2PtCle solution (55 uL in (c), 110 uL in 
(d), 220 uL in (e) and 440 uL in (f), respectively). 


then electron/hydride transfer from BH, to 4-NP to produce 4- 
AP.” It can be noted that 4-NP prefers to adsorb on Au, 
whereas BH, is more likely to adsorb on Pt.” Therefore, the 
mechanism for the reduction of 4-NP by NaBH, in presence of 
the developed bimetallic dendritic-Pt decorated AUNRs could be 
proposed, as illustrated in Fig. 4. First, 4-nitrophenolate and 
BH, ions are adsorbed on the neighbouring Au and Pt sites, 
respectively, at the surface of dendritic-Pt decorated AuNRs. 
BH, produces transient metal hydrides with Pt atoms and then 
the adsorbed hydrogens were transferred to 4-nitrophenolate 
ion adsorbed adjacent Au sites and reduced to 4-AP. Owing to 
this synergistic effect of Au and Pt, bimetallic dendritic-Pt 
decorated AuNRs showed better catalytic activity than that of 
Au NRs. 

In a successful catalytic reaction, the reusability of the 
catalyst is very important. In this study, we developed 
a composite film, wherein dendritic-Pt decorated AuNRs were 
deposited on a PVDF film by the mussel inspired polymer pol- 
ydopamine (PDA). PDA can be deposited easily on virtually all 
types of inorganic and organic substrates.” Recently, PDA has 
been applied in various catalytic systems and served as a cata- 
lyst carrier due to its unique merits.“ The colour of the PVDF 
film was changed from white to black-brown (Fig. 5a and b), 
indicating the successful deposition of dendritic-Pt decorated 
AuNRs on the PVDF film. To further confirm the deposition of 
the dendritic-Pt decorated AuNRs on the PVDF film, the 
morphology of the PVDF film before and after the deposition of 
dendritic platinum decorated Au NRs were analysed by SEM. 
The PVDF film has a porous multilayer structure (Fig. 5c) with 
the unique properties of a high specific surface area and 
chemical stability, which is an ideal candidate as catalyst 
carrier. The dendritic-Pt decorated AUNRs were immobilized 
and randomly dispread on the PVDF film (Fig. 5d). 

The catalytic property of this nanocomposite film was tested 
in seven consecutive cycles (Fig. 6a). After each cycle, the cata- 
lyst film was withdrawn directly from the reaction solution, 
washed with water, and allowed to perform the next cycle. As 
revealed in Fig. 6b, almost identical catalytic activities were 
observed. Almost 90% conversion was measured even at the 
seventh cycle, indicating the excellent stability and recyclability 
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Fig. 4 Schematic for the possible mechanism of 4-NP reduction on 
dendritic-Pt decorated AuNR's surface. 
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Fig. 5 Digital photos (a and b) and SEM images (c and d) of PVDF film 
before (a and c) and after (b and d) the deposition of dendritic-Pt 
decorated AuNRs. 
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Fig. 6 Plot of In(C,/Cg) as a function of time of 4-NP and (b) 
conversion efficiency of 4-NP in 2 hours reaction in seven successive 
cycles using dendritic-Pt decorated AUNRs on the PVDF film as 
catalyst (a-g represent the recycle 1-7, respectively). 


of the catalytic films. The dendritic-Pt decorated AuNRs 
deposited PVDF film also possessed the property of oil/water 
separation” (oil/water separation result is shown in Fig. S8t), 
which would provide new opportunities to develop a bifunc- 
tional membrane with both catalytic and oil/water separation 
properties. 


Conclusions 


We reported the synthesis of dendritic-Pt decorated AUNRs by 
spatially controlled Pt growth over the Au NRs in a facile wet 
chemical method and the synthesized hybrid bimetallic 


nanostructures exhibit tunable localized surface plasmon 
resonance from the visible to NIR region as well as excellent 
catalytic activity. We demonstrated that catalysis and optical 
properties of the hybrid nanostructures can be tailored readily 
by adjusting the surface decoration density of the Pt NPs on the 
surfaces of the Au NRs. Pt NPs remained spatially separated 
from each other, which is favourable for maximizing the Pt 
surface area to obtain very high catalytic activities. For 
successful catalytic application, the nanostructures were loaded 
in a solid PVDF film support and the composite film was used as 
an efficient catalyst, maintaining excellent stability and reus- 
ability. Apart from the catalytic activities, considering their very 
interesting optical properties, these unique materials need to be 
applied in various biomedical applications. 
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